CTL recognize peptides derived from foreign viral antigens bound to major histocompatibility complex class I (MHC-I) molecules on the surface of infected cells. Upon first encountering antigen, CTL develop into mature effectors capable of eliminating virally infected cells while undergoing massive clonal expansion and proliferation (1, 11, 50) . After clearing the infection, a significant proportion (often 95% or more) of activated CTL undergo activation-induced cell death (1, 38) . However, from the original effector population is also formed a stable memory population of CTL (37) . Memory CTL are capable of responding more rapidly and mediating faster viral clearance upon reexposure to antigen (5, 6, 25, 33) .
Several lines of evidence indicate that a strong CTL response is critical for the control of human immunodeficiency virus type 1 (HIV-1) infection. During acute HIV-1 infection, the initial rise in HIV-specific CTL, which occurs before the production of neutralizing antibody, is associated with control of the initial viremia (8, 26) . It has been reported that later in infection, viral load is inversely related to the level of HIV-1 CTL (36) , although a more complicated relationship likely exists (7) . Moreover, the frequency of HIV-specific effector and memory CTL is associated with a lower median level of viral RNA in plasma and slower disease progression (34, 36) . Long-term nonprogressors also have consistently higher levels of HIV CTL than do progressors (17) . Therefore, the ability of potential vaccines for HIV to elicit strong CTL responses is likely very important.
A recent focus in our laboratory has been on the development of recombinant vesicular stomatitis virus (rVSV) as a live viral vaccine vector (39, 40, 42) . VSV is a nonsegmented, negative-stranded RNA virus that can be easily manipulated to express foreign genes from additional transcription units (27, 44) . Two recent modifications to rVSVs have added further utility to rVSV as a vaccine vector. First, attenuated rVSVs have been created by shortening the cytoplasmic domain of the VSV glycoprotein (G) or completely eliminating G from the genome (39) . Second, rVSVs in which different serotypes of the VSV G are exchanged for the standard Indiana serotype G (glycoprotein exchange vectors) have been developed to eliminate neutralization of the VSV vector upon boosting (42, 43) .
It was shown recently that vaccination with rVSVs can be used to protect rhesus macaques from AIDS following challenge with a highly pathogenic simian immunodeficiency virus/ HIV hybrid (42) . Sequential vaccinations with rVSVs containing Indiana, Chandipura, and New Jersey serotype VSV Gs were used to prime and boost responses to the simian immunodeficiency virus Gag and HIV Env proteins expressed by these viruses. This vaccination protocol elicited antibody responses to all serotypes of VSV G as well as increasing antibody responses to Env proteins. A significant population of CTL was also elicited by rVSV vaccination and boosting, as quantitated by enzyme-linked immunospot and flow cytometric analysis of peripheral blood mononuclear cells. Others have shown that a prime-boost regimen using DNA and viral vaccine vectors has proven more successful than successive boosts with the same vector (2, 31, 41) . Therefore, in the context of examining the memory and recall CTL responses to Gag and Env in this study, we have analyzed the relative efficacy of boosting with VSV glycoprotein exchange vectors versus completely heterologous viral vectors.
We previously reported that high-level primary responses were elicited to foreign viral proteins expressed in VSV (16) . Here, using MHC-I tetramer staining and intracellular cytokine staining, we quantitated long-term memory and recall responses elicited in response to Gag and Env expressed in rVSVs by boosting with recombinant vaccinia viruses (rVVs) expressing these HIV proteins, as well as long-term memory to Env and Gag after boosting. We also compared the order of priming and boosting with rVSVs and rVVs.
MATERIALS AND METHODS
Virus preparation and analysis. rVSVs expressing HIV-1 Env and Gag (VSVGag, VSV-Env, and VSV-GagEnv) have been described previously (15, 16, 21, 22) , as has the corresponding recovered wild-type VSV (VSV-rwt) control (27) . Stocks of VSV and recombinants were grown on BHK-21 cells. Viral titers were determined by plaque assay on BHK-21 cells. Stocks of virus were stored at Ϫ70°C.
Vaccinia virus (VV) recombinants expressing HIV-1 IIIb Env (vPE16) (12) and HXB2 Gag (vVK1) (24) under the control of early-late p7.5 promoter were obtained from the NIH AIDS Research and Reference Reagent Program (Rockville, Md.). Stocks of the VV recombinants were grown on HeLa cells in 15-cmdiameter tissue culture dishes in Dulbecco's modified Eagle medium containing 10% fetal bovine serum (DMEM-10). Two days after infection, the infected cells were scraped from the culture dishes, pelleted by centrifugation at 500 ϫ g for 10 min, and resuspended in 2 ml of phosphate-buffered saline. VV virions were harvested from infected cells by sonication and three to five cycles of freezing and thawing. Viral titers were determined by plaque assay on BHK cells. Stocks of rVV were stored at Ϫ70°C.
To test the ability of glycoprotein exchange VSVs to elicit recall responses, an rVSV that expressed HIV-1 Gag and the VSV (Chandipura) G was generated. Briefly, the gpIIa gene (30) , which is the HIV-1 gag gene with an inactivating mutation in the overlapping protease gene, was excised from pBSgpIIa (30) by digestion with XhoI and XbaI. The resultant ϳ2-kb DNA fragment was purified and ligated into the vector pVSV(GCh)-XN-1 (43) . Infectious virus recombinants were recovered using published protocols (27, 44) .
Metabolic labeling of proteins. Briefly, ϳ5 ϫ 10 5 BHK cells in 35-mm-diameter tissue culture dishes were infected with VSV recombinants at a multiplicity of infection of 10 to 20. Four hours later, the culture medium was replaced with methionine-free Dulbecco's modified Eagle medium (DMEM) including 100 Ci of [ 35 S]methionine (Easy tag EXPRESS protein labeling mix; NEN Life Sciences, Boston, Mass.), and the cells were incubated for 1 h. Cells were lysed on ice for 15 min in 500 l of lysis buffer (1% Nonidet P-40, 0.4% deoxycholate, 66 mM EDTA, and 10 mM Tris-Cl, pH 7.4), and the nuclei were removed by centrifugation for 2 min at room temperature in an Eppendorf centrifuge. Protein extracts (10 l of each sample) were fractionated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (10% acrylamide) (SDS-10% PAGE), and proteins were visualized on a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.).
Animals, inoculation, and isolation of splenocytes. All animal experiments were approved by the Institutional Animal Care and Use Committee of Yale University. Female 5-to 7-week-old BALB/c mice obtained from Charles River Laboratories were kept for at least 1 week before inoculation with rVSV or rVV expressing HIV-1 Gag and Env. Animals were maintained in microisolator cages in a biosafety level-2-equipped animal facility and given food and water ad libitum. Viral stocks were diluted in an appropriate volume of serum-free DMEM before inoculation of mice. For intraperitoneal vaccinations, mice were inoculated with 5 ϫ 10 6 PFU of priming virus or 5 ϫ 10 6 PFU of boosting virus in a 100-to 300-l volume. At appropriate times, animals were euthanized with CO 2 , and their spleens were isolated. Bulk splenocytes were isolated by forcing the spleen through a metal strainer with ϳ1-mm 2 holes. Erythrocytes were lysed in buffer (pH 7.4) containing 0.15 M NH 4 Cl, 10 mM KHCO 3 , and 0.1 mM EDTA.
Peptides and MHC-I tetramers. The Gag immunodominant peptide (N-A MQMLKETI-C) (29) was obtained from Research Genetics (Huntsville, Ala.). A phycoerythrin (PE)-conjugated MHC-I H-2K d tetramer was synthesized using this peptide by the National Institute of Allergy and Infectious Diseases (NIAID) MHC Tetramer Core Facility (Atlanta, Ga.). The p18-I10 peptide (N-RGPGRA FVTI-C) (46) used in these experiments was also obtained from Research Genetics. A PE-conjugated MHC-I H-2D d tetramer was synthesized using this peptide by the NIAID Tetramer Core Facility.
Tetramer staining and flow cytometric analysis. Bulk splenocytes were resuspended in flow cytometry sample buffer (SB) (phosphate-buffered saline containing 0.5% bovine serum albumin and 0.02% NaN 3 ), and ϳ5 ϫ 10 6 cells were added to wells of a V-bottom 96-well plate for staining. Cells were first blocked with unconjugated streptavidin (Molecular Probes, Eugene, Oreg.) and Fc block (Pharmingen, San Diego, Calif.) at 4°C for 15 min and pelleted at 500 ϫ g for 5 min. Subsequently, the cells were stained with PE-conjugated tetramers, a fluorescein isothiocyanate (FITC)-conjugated anti-CD62L antibody (Pharmingen), and an allophycocyanin (APC)-conjugated anti-CD8 antibody (Pharmingen) at predetermined optimal dilutions for 30 min on ice. In experiments to determine the proportion of memory CD8 ϩ cells, an FITC-conjugated anti-mouse CD44 antibody (Pharmingen) was used in place of the anti-CD62L antibody. The cells were then washed three times in SB and transferred to sample tubes for flow cytometric analysis. Just before analysis, 1 l of propidium iodide staining solution (50 g/ml; Pharmingen) was added to each sample to identify dead cells. Data were gathered using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, Calif.) and analyzed using FlowJo analysis software (Tree Star, Inc., San Carlos, Calif.). In the analysis, lymphocytes were selected from forward and side scatter characteristics, propidium iodide-stained cells were gated out, and CD8 ϩ cells were selected. The data for CD8 ϩ cells are plotted as tetramer (PE) versus CD62L (FITC) or CD44 (FITC), as indicated.
Intracellular cytokine staining. Intracellular cytokine staining using the Golgi Plug Kit (Pharmingen) was performed essentially as recommended by the manufacturer. Briefly, bulk splenocytes were harvested as described above, and 5 ϫ 10 6 cells in 1 ml of DMEM-10 were added to 2 wells of a 24-well plate. One well served as an unstimulated control. Cells in the other well were stimulated with 10 Ϫ5 M peptide (p18-I10 peptide or Gag immunodominant peptide). The cells were incubated at 37°C with 5% CO 2 for 2 h, 1 l of brefeldin A was added to each well, and the cells were incubated for an additional 3 h. The cells were harvested by centrifuging the 24-well plates at 500 ϫ g for 5 min at 4°C, aspirating the medium, and resuspending the cells in SB. The cells from each well were transferred to wells of a 96-well V-bottom plate and blocked with Fc block for 15 min at 4°C and pelleted at 500 ϫ g at 4°C. The cells were then stained with an APC-conjugated anti-CD8 antibody (Pharmingen) for 30 min at 4°C, washed three times with SB, and fixed in 100 l of Cytofix/Cytoperm solution (Pharmingen) for 10 to 20 min on ice. After washing twice in 1ϫ Perm/Wash solution (Pharmingen), intracellular cytokine was stained with FITC-conjugated rat antimouse gamma interferon (IFN-␥) or anti-mouse tumor necrosis factor (TNF-␣) antibodies, or a FITC-conjugated rat isotype control immunoglobulin (Pharmingen) to identify background staining. 
RESULTS
VV and VSV recombinants expressing HIV-1 Gag and Env. The rVSVs used in these experiments express HIV-1 Gag and Env separately (VSV-Gag and VSV-Env, respectively) or together in one virus (VSV-GagEnv). The genomes of these rVSVs encode the HIV genes at the positions indicated in Fig.  1 . We used as a control VSV-rwt, which is an analogous wildtype VSV that was also recovered from plasmid DNA (27) . These recombinants express high levels of the appropriate HIV-1 proteins (15, 21, 22) .
The rVVs that were used to elicit recall responses in rVSVvaccinated mice express the HIV-1 IIIb Env (vPE16) and HXB2 Gag (vVK1) proteins under the control of the VV early-late p7.5 promoter and have been previously characterized (12, 24) . A VV expressing the T7 RNA polymerase under the p7.5 promoter was used as a control (14) .
Memory response to HIV-1 Env in rVSV-vaccinated mice. The HIV-1 IIIb Env protein contains the p18-I10 immunodominant peptide (45, 46) . The p18-I10 peptide is presented on several different MHC-I alleles, but it is most efficiently presented on the H-2D d class I molecule. Using H-2D d MHC-I tetramers containing the p18-I10 peptide (MHC-I Env tetramers), we previously showed that vaccination of mice with VSVEnv results in a strong primary response to Env that peaks 5 to 7 days after vaccination (16) . The primary response rapidly declines to about one quarter of its peak level by 15 days after vaccination (16) . The magnitude of the peak primary response prompted us to determine if long-term memory cells specific for the p18-I10 peptide could be detected. To do this, we vaccinated BALB/c mice with 5 ϫ 10 6 PFU of VSV-Env and isolated bulk splenocytes 220 days after vaccination. Splenocytes were then stained with the PE-conjugated MHC-I Env tetramers, APC-conjugated antibodies to CD8, and FITC-conjugated antibodies to CD62L or CD44. CD62L is a lymph node homing receptor that is downregulated upon activation of CTL (3, 4, 23, 32) . CD44 is a surface protein required for lymphocyte extravasation to inflammatory sites, and its upregulation is a marker for memory CTL (9, 10). The stained splenocytes were analyzed by flow cytometry, and only CD8 ϩ cells are shown in the analyses. Figure 2A shows an example of the typical response after vaccination with VSV-Env. The plot on the left shows the response to Env at the peak of the primary response, at which time ϳ35% of CD8 ϩ cells were MHC-I Env tetramer positive and CD62L
Lo . The center and right plots show the profiles of the CD8 ϩ memory cells stained for CD62L and CD44, respectively, at 220 days after vaccination. At this time, ϳ4% of CD8 ϩ cells were MHC-I Env tetramer positive and CD62L
Lo and ϳ2% were tetramer positive and CD62L Hi . Staining for CD44 revealed that ϳ6% of CD8 ϩ cells were MHC-I Env tetramer positive and CD44
Hi . Background staining with the MHC-I Env tetramer was Յ0.1% in mice primed with VSVrwt and boosted with vTF7-3 (data not shown).
We also quantitated the CD8 ϩ memory response to Env in mice vaccinated with 5 ϫ 10 6 PFU of VSV-GagEnv, which 6 PFU of VSV-GagEnv, and bulk splenocytes were isolated 5 days (left plot) or 220 days (center and right plot) after vaccination (n ϭ 2 per time point). The cells were stained, analyzed, and plotted as described in panel A. ϩ T-lymphocytes were in memory, we elicited a recall response by boosting three mice with 5 ϫ 10 6 PFU of vPE16, a VV recombinant encoding Env (12) . Two controls were mock boosted with 5 ϫ 10 6 PFU of vTF7-3, a VV recombinant encoding T7 RNA polymerase (14) . Five days after the boost, bulk splenocytes were isolated and stained with MHC-I Env tetramers. Figures 3A and B show an example of the typical recall response to Env after priming with VSV-Env. Approximately 46% of CD8 ϩ cells were MHC-I Env tetramer positive and CD62L
Lo after the mice were boosted with vPE16 (Fig. 3A, left plot) . In contrast, only ϳ4% of CD8 ϩ cells were tetramer positive after mice were boosted with vTF7-3, and the majority of these cells were CD62L
Hi . The tetramer-positive cells represent the memory population, which was not increased by mock boosting.
We used intracellular cytokine staining to determine the proportion of Env-specific CTL that were functional. Five days after the VV boost, bulk splenocytes were isolated and incubated for 5 h in the presence of 10 Ϫ5 M p18-I10 peptide and brefeldin A. The cells were then fixed and stained with antibodies to CD8 and antibodies to IFN-␥ or TNF-␣ or an isotype control antibody. Approximately 40% of CD8 ϩ cells secreted IFN-␥ and approximately 20% secreted TNF-␣ after stimulation with p18-I10 peptide (Fig. 3B, upper plots) . In mice that were vaccinated with VSV-Env and mock boosted with vTF7-3, intracellular cytokine staining revealed that ϳ3% of CD8 ϩ cells produced IFN-␥ and ϳ3% produced TNF-␣ after stimulation for 5 h with p18-I10 peptide. Splenocytes that were not stimulated with peptide showed background staining similar to that of the isotype control immunoglobulin (Ͻ1%; data not shown).
We also determined the recall response to Env in mice previously vaccinated with 5 ϫ 10 6 PFU of VSV-GagEnv. Three mice were boosted with 5 ϫ 10 6 PFU of vPE16, and two were mock boosted with 5 ϫ 10 6 PFU of vTF7-3. Figures 3C and D show an example of the typical response 5 days after the boost. Similar to VSV-Env-vaccinated mice, ϳ40% of CD8 ϩ cells were MHC-I Env tetramer positive and CD62L
Lo after the vPE16 boost (Fig. 3C, left plot) . In control mice that were mock boosted with vTF7-3, less than 1% of cells were MHC-I Env tetramer positive (Fig. 3C, right plot) . Intracellular cytokine staining of cells 5 days after the boost with vPE16 showed that ϳ45% of cells produced IFN-␥, and ϳ23% expressed TNF-␣ after 5 h of stimulation with p18-I10 peptide (Fig. 3D,  upper plots) . In control mice, ϳ1% of CD8 ϩ cells produced IFN-␥ and TNF-␣ after p18-I10 peptide stimulation (Fig. 3D , lower plots). After subtracting background staining, this translates to 0.6 to 0.7% of CD8 ϩ cells producing cytokine. Less than 1% of unstimulated splenocytes stained positively for any of the cytokine antibodies (data not shown).
Long-term memory response after VSV-Env prime and vPE16 boost. Because of the strong recall response generated by boosting, we wanted to determine the level of memory cells in spleens of mice primed with VSV-Env and boosted with vPE16. Two mice were vaccinated with 5 ϫ 10 6 PFU of VSVEnv and boosted 120 days later with 5 ϫ 10 6 PFU of vPE16. At the time of boosting, the level of Env-tetramer-positive CD8 ϩ cells is expected to be between 6 and 10% (Fig. 3) (16) . Splenocytes from these mice were isolated and analyzed 150 days after the boost to determine if Env tetramer-positive CD8 ϩ cells persisted long after the boost. At the time that these splenocytes were isolated, none of the splenomegaly that was notable 5 days after boosting with rVVs was present. To quantitate Env-specific memory cells in the spleen, we stained splenocytes with MHC-I Env tetramers and antibodies to CD44 and CD62L. Figure 4 shows the results for both mice. Approximately 27 and 32% of CD8 ϩ cells stained positively with the MHC-I Env tetramer. Approximately 5 to 7% of cells were CD62L
Lo , and ϳ22 to 25% were CD62L Hi (Fig. 4, upper  plots) . Nearly all MHC-I Env tetramer-positive cells were CD44
Hi , indicating that they were memory cells (Fig. 4, lower  plots) .
Reversal of priming and boosting vectors for Env. The primary response to HIV-1 Env elicited by vaccination with vPE16 is about sixfold lower than that elicited by VSV-Env and approaches background levels by 7 days after vaccination (16) . To determine how reversal of the vaccination order affected the response, two mice were primed with 5 ϫ 10 6 PFU of vPE16 and boosted 40 days later with 5 ϫ 10 6 PFU of VSVEnv. Five days after the boost, splenocytes were isolated and stained with MHC-I Env tetramers and antibodies to CD8 and CD62L. Figure 5A shows the responses of both mice, in which ϳ33 and ϳ30% of CD8 ϩ cells were MHC-I Env tetramer positive and CD62L
Lo . To determine if these splenocytes produced cytokine after stimulation with p18-I10 peptide, we stained for intracellular cytokine. Five days after the VSV-Env boost, ϳ30% of CD8 ϩ splenocytes produced IFN-␥ and ϳ21% produced TNF-␣ (Fig. 5B) . Background staining in unstimulated splenocytes was less than 1% (data not shown). Therefore, based on both tetramer and intracellular cytokine staining, these responses are reduced about 25 to 30% compared to the response obtained when mice are vaccinated with VSVEnv and boosted with vPE16.
Recall responses to Gag expressed in rVSV and elicited with rVVs. The Gag protein of HIV-1 contains an H-2K d -restricted immunodominant peptide, AMQMLKETI (29) . We used MHC-I tetramers complexed with this peptide (MHC-I Gag tetramers) to determine the recall response to Gag in rVSVvaccinated mice. We did not quantitate MHC-I Gag tetramerpositive cells long after the primary vaccination (e.g., 220 days) as we did for VSV-Env-vaccinated mice, because the propor- Five mice were vaccinated with 5 ϫ 10 6 PFU of VSV-Gag. Sixty days later, three mice were boosted with 5 ϫ 10 6 PFU of vvK1, an rVV-expressing HIV-1 Gag. Additionally, two mice were mock boosted with vTF7-3 as a control. Five days after the boost, bulk splenocytes were isolated and stained with MHC-I Gag tetramers and antibodies to CD8 and CD62L. Figures 6A and B show an example of the typical recall response to Gag after priming with VSV-Gag. Five days after the boost with vvK1, ϳ42% of CD8 ϩ splenocytes were MHC-I Gag tetramer positive and CD62L Lo (Fig. 6A, left plot) . In contrast, less than 1% of CD8 ϩ cells were tetramer positive after the mock boosting with vTF7-3 (Fig. 6A, right plot) . Background MHC-I Gag tetramer staining was ϳ0.5% in mice primed with VSV-rwt and boosted with vTF7-3 (data not shown).
We used intracellular cytokine staining to determine if functional CTL recognizing the Gag immunodominant peptide were present during the recall response. Five days after the boost with vvK1 or vTF7-3, bulk splenocytes were isolated and stimulated with 10 Ϫ5 M Gag immunodominant peptide in the presence of brefeldin A for 5 h. As shown in Fig. 6B , ϳ25% of CD8 ϩ cells produced IFN-␥ and ϳ10% produced TNF-␣ after stimulation with the Gag peptide. Stimulation of splenocytes from VSV-Gag-vaccinated mice that were boosted with vTF7-3 showed only background levels of intracellular cytokine staining (data not shown).
We also determined the recall response to Gag in VSVGagEnv-vaccinated mice (Fig. 6C and D) . Five mice were vaccinated with 5 ϫ 10 6 PFU of VSV-GagEnv and were boosted 60 days later with either 5 ϫ 10 6 PFU of vvK1 (three mice) or vTF7-3 (two mice). Five days after the boost, splenocytes were stained with MHC-I Gag tetramers and antibodies to CD8 and CD62L. Approximately 41% of CD8 ϩ cells were MHC-I Gag tetramer positive and CD62L
Lo after the vvK1 boost (Fig. 6C, left plot) . On the other hand, less than 1% of cells were tetramer positive after the vTF7-3 boost (Fig. 6C , right plot). We also determined the proportion of functional cytokine-secreting CD8 ϩ cells after boosting (Fig. 6D) . After stimulation in vitro with Gag immunodominant peptide for 5 h, ϳ23% of CD8 ϩ cells secreted IFN-␥ and ϳ6% secreted TNF-␣. Less than 1% of unstimulated splenocytes stained for cytokine (data not shown).
Reversal of priming and boosting vectors for Gag. The primary response to Gag after vvK1 vaccination is about eightfold lower than after VSV-Gag vaccination (16) . To determine how reversal of the priming and boosting vector order affected the responses to Gag, two mice were vaccinated with 5 ϫ 10 6 PFU of vvK1 and boosted 40 days later with 5 ϫ 10 6 PFU of VSVGag. Five days after the boost, splenocytes were isolated and stained with MHC-I Gag tetramers and antibodies to CD62L and CD8. Figure 7A shows the results of staining with MHC-I Gag tetramer for both mice. Approximately 14 and 25% of CD8 ϩ cells were MHC-I Gag tetramer positive and CD62L
Lo after the boost. To determine if these cells were functional, we stained for intracellular cytokine after stimulating cells with the Gag immunodominant peptide for 5 h (Fig. 7B) . The response shown in Fig. 7B was from the mouse that showed ϳ25% tetramer staining. In this mouse, ϳ21% of CD8 ϩ cells produced IFN-␥, and 9% produced TNF-␣ after stimulation with the Gag immunodominant peptide. On average, this response was about 50% lower than that obtained when VSVGag was used to prime and vvK1 was used to boost.
Recall responses to Gag elicited with glycoprotein exchange rVSVs. In previous studies, our laboratory used rVSVs containing the G of different VSV serotypes to boost the immune responses to foreign viral proteins (42, 43) . The rVSVs characterized thus far in this study encode the Indiana serotype G (Fig. 1) . To directly measure the ability of such glycoprotein exchange rVSVs to boost the cellular immune response to foreign viral proteins, we generated VSV Ch -Gag, a glycoprotein exchange rVSV that expresses HIV Gag and contains the VSV G of the Chandipura serotype (Fig. 8A ). We were unable to generate an rVSV expressing G Ch and HIV-1 Env. To confirm the expression of VSV and HIV proteins from VSV ChGag, we infected cells for 4 h with VSV-rwt, VSV-Gag, and VSV Ch -Gag. Proteins in infected cells were metabolically labeled for 1 h with [ In parallel with the tetramer staining described above, splenocytes from mice vaccinated with vPE16 were analyzed for the production of intracellular cytokine after boosting with VSV-Env as described in the legend to Fig. 3B and D. The cytokine data shown are from mouse 2. Background staining in unstimulated cells was Ͻ1% (data not shown).
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fected cells is easily recognized by its migration, which is characteristically slower than that of the Indiana serotype G. To compare the recall response generated with VV vectors with that generated by a VSV glycoprotein exchange vector, VSV Ch -Gag was used to elicit recall response in mice vaccinated with VSV-Gag. Two mice were vaccinated with 5 ϫ 10 6 PFU of VSV-Gag and boosted 40 days later with 5 ϫ 10 6 PFU of VSV Ch -Gag. Five days after the boost, splenocytes were isolated and stained with MHC-I Gag tetramers and antibody to CD62L (Fig. 8B, center plot) . Approximately 8% of CD8 ϩ cells were MHC-I Gag tetramer positive and CD62L
Lo . The reciprocal experiment was also conducted, in which 5 ϫ 10 6 PFU of VSV-Gag was used to boost for two mice vaccinated with 5 ϫ 10 6 PFU of VSV Ch -Gag (Fig. 8B, left plot) . Five days after boosting with VSV-Gag, ϳ8% of CD8 ϩ cells were MHC-I Gag tetramer positive and CD62L
Lo . Splenocytes from this mouse were also used to stain for intracellular cytokine production (Fig. 8C) . Approximately 6 to 7% of cells produced IFN-␥ after 5 h of stimulation with 10 Ϫ5 M Gag immunodominant peptide. Production of TNF-␣ was near background levels in this experiment.
Long-term memory response after VSV-Gag prime and vvK1 or VSV Ch -Gag boost. We showed above that there were quantitative differences in the recall responses to Gag elicited by VSV Ch -Gag and vvK1. We also quantitated Gag-specific memory CD8 ϩ T-lymphocytes in spleens long after boosting with these rVV and glycoprotein exchange rVSVs to directly determine if the resultant memory population also differed. Two mice were vaccinated with 5 ϫ 10 6 PFU of VSV-Gag and were boosted 30 days later with 5 ϫ 10 6 PFU of vvK1. Splenocytes from these mice were isolated and analyzed 30 days after the boost. At the time that these splenocytes were isolated, none of the splenomegaly that was notable 5 days after rVV boosting was present. We then quantitated Gag-specific memory cells in the spleen by staining with MHC-I Gag tetramers and antibodies to CD44 and CD62L. Figure 9A shows the representative results for one mouse. About 19% of cells remained MHC-I Gag tetramer positive 30 days after the boost, and most of these cells were CD44
Hi , indicating that they were memory cells (Fig. 9A, right plot) . Approximately 18% of cells were CD62L
Lo , and ϳ1% were CD62L Hi (Fig. 9A, left plot) . We conducted a similar analysis after boosting with VSV ChGag. Two mice were vaccinated with 5 ϫ 10 6 PFU of VSV-Gag In parallel with tetramer staining described above, splenocytes from mice vaccinated with VSV-Gag (B) and VSV-GagEnv (D) were analyzed for the production of intracellular cytokine after boosting with vvK1. Splenocytes were stimulated with the Gag immunodominant peptide (AMQMLKETI) for 5 h in the presence of brefeldin A and stained and analyzed as described in the legend to Fig. 3B and D. Cytokine staining in unstimulated splenocytes and in splenocytes from vTF7-3-boosted mice were similar to background levels (Ͻ1%; data not shown).
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and boosted 30 days later with 5 ϫ 10 6 PFU of VSV Ch -Gag. Thirty days after the boost, ϳ3.6% of splenocytes remained MHC-I Gag tetramer positive and expressed CD44 (Fig. 9B,  right plot) . About 2.8% of cells were CD62L Lo , and ϳ1% were CD62L Hi (Fig. 9B, left plot) .
DISCUSSION
We describe here high-level memory and recall responses elicited in mice vaccinated with rVSVs expressing HIV-1 Gag and Env separately or together. Mice serve as an important model in vaccine studies to inform experiments in the more relevant primate model. We used rVVs expressing Gag and Env as boosting vectors in rVSV-vaccinated mice and to elicit recall responses. Boosting with rVVs has been shown to be a reliable method for determining recall responses without concern for cytokine-mediated bystander effects (33) .
Since the primary CTL response to Env in mice vaccinated with VSV-Env was particularly strong (up to 45% of cells are MHC-I Env tetramer positive), we quantitated long-term memory CTL in these mice 220 days after a single vaccination with 5 ϫ 10 6 PFU of each virus by staining with MHC-I Env tetramers and antibodies to CD62L and CD44 (Fig. 2) . CD62L is a lymph node homing receptor, and its downregulation is associated with lymphocyte activation (3, 4, 23, 32) . CD44 is required for extravasation of activated CTL into inflammatory sites, and its upregulation is a marker of the memory CTL phenotype (9, 10) . The combined expression pattern of CD62L and CD44 defines distinct CTL memory populations capable of either immediate effector activity or effector activity after restimulation with antigen (35) . The long-term memory population of Env tetramer-positive and CD44
Hi cells constituted about 6% of the total CD8 ϩ splenocytes (Fig. 2A) . Staining in parallel for CD62L revealed that ϳ4% of CD8 ϩ splenocytes were MHC-I Env tetramer positive and CD62L
Lo and ϳ2% were CD62L
Hi . This suggests that ϳ4% of cells are of the memory class capable of effector function after restimulation with antigen and ϳ2% are capable of immediate effector function (35) . The number of MHC-I Env tetramer-positive, CD44
Hi memory cells in VSV-GagEnv-vaccinated mice was about half that of VSV-Env-vaccinated mice (ϳ3%). A comparison of the primary and memory responses to VSV-Env and VSV-GagEnv reveals that the number of memory cells is proportional to the number of activated cells at the peak of the primary response (Fig. 2) (16) . This result is consistent with the observations of others that the level of the primary response predicts the level of the memory response (13, 20, 48) .
The recall response in VSV-Env-vaccinated mice elicited by boosting with vPE16, an rVV expressing HIV-1 Env, showed that ϳ45% of CD8 ϩ splenocytes were MHC-I Env tetramer positive and CD62L
Lo 5 days after boosting, and intracellular cytokine staining for IFN-␥ revealed that the majority of these cells were functional. About half of these cells produced TNF-␣, which is likely a reflection of the fact that activated T cells are divided between IFN-␥ ϩ TNF-␣ ϩ and IFN-␥ ϩ TNF-␣ Ϫ populations (18, 19, 47) . Mock boosting of VSV-Envvaccinated mice with vTF7-3, an rVV expressing the T7 RNA polymerase, revealed that a total of ϳ3.7% of CD8 ϩ splenocytes were Env tetramer positive, and these cells produced IFN-␥ upon stimulation with p18-I10 peptide (Fig. 3A and B) . This result closely mirrors that obtained the direct identification of CD44
Hi memory cells described above for mice that were not boosted. The reason that a slightly lower total percent of MHC-I Env tetramer-positive cells was identified after a vTF7-3 boost (ϳ3.7%; Fig. 3A and B) than after no boost (ϳ6%; Fig. 2) is that an increased proportion of CD8 ϩ cells would be expected to be recruited to recognize VV epitopes, thus lowering the relative proportion of MHC-I Env tetramerpositive cells.
To determine how boosting with rVVs after initial vaccination with rVSV affected the population of long-term memory cells, we vaccinated two mice with 5 ϫ 10 6 PFU of VSV-Env, boosted with 5 ϫ 10 6 PFU of vPE16 120 days later, and stained for markers of memory cells 150 days after the boost (Fig. 4) . Remarkably, 27 to 33% of CD8 ϩ splenocytes remained Env tetramer positive and CD44
Hi at a time when CTL were in memory. Parallel staining for CD62L showed that the majority of CD44
Hi cells (ϳ80%) were also CD62L Hi , marking them as memory cells capable of responding immediately to antigen. Therefore, boosting with vPE16 induced an increase of fivefold or more in the percentage of long-term memory cells recog- The genome of the VSV glycoprotein exchange vector VSV Ch -Gag is diagrammed in a 3Ј-to-5Ј orientation on the negative-stranded viral RNA (left). The HIV-1 gag gene is expressed between the G and L genes, and the VSV Indiana serotype G (G I ) was replaced with that of the Chandipura serotype (G Ch ). To confirm expression of Gag and G Ch , BHK cells were infected with VSV-rwt, VSV-Gag, and VSV Ch -Gag for 4 h at a multiplicity of infection of 10 to 20. Proteins were then labeled with [
35 S]methionine for 1 h. The cells were lysed, and the extracts were fractionated by SDS-PAGE. The uncleaved Gag precursor (pr55 gag ) was present in both VSV-Gag and VSV Ch -Gag. The Chandipura serotype G is recognizable by its characteristically slower migration. (B) To determine the relative efficiency of boosting CTL responses with VSV glycoprotein exchange vectors, BALB/c mice were primed and boosted 40 days later with the indicated viruses (n ϭ 2 per prime-boost condition). Five days after the boost, bulk splenocytes were isolated and stained with MHC-I Gag tetramers and antibodies to CD8 and CD62L. (C) Intracellular cytokine production was analyzed in parallel with the tetramer staining described above. Splenocytes isolated 5 days after boosting were incubated for 5 h with the Gag immunodominant peptide (AMQMLKETI) in the presence of brefeldin A and stained as described in the legend to Fig. 3B and D. The representative cytokine staining shown is from a mouse vaccinated with VSV Ch -Gag and boosted with VSV I -Gag.
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nizing the immunodominant p18-I10 peptide, although the initial recall response was no greater than that induced by the VSV-Env vector in the primary response. This result is consistent with the observations of others, showing that the memory CTL response after boosting is approximately 50% of the recall response (28) . At the peak of the primary response to Env after vaccination with vPE16, ϳ6% of CD8 ϩ cells stained with MHC-I Env tetramers, compared to ϳ40% for VSV-Env-vaccinated mice (16) . However, when these mice were boosted with VSV-Env, the recall response was then increased to ϳ30% tetramerpositive cells. This response is about 30% lower than that observed when mice were primed with rVSV and boosted with rVV. Interestingly, the recall response elicited by VSV-Env is somewhat lower than the primary response induced by VSVEnv. This lower secondary response could be due to competition due to the large number of VV antigens produced in the primary infection.
Boosting with vvK1, an rVV expressing HIV-1 Gag, in VSVGag-vaccinated mice also elicited high levels of MHC-I Gag tetramer-positive cells (Fig. 6 ). For both VSV-Gag and VSVGagEnv-vaccinated mice, ϳ41% of CD8 ϩ cells were tetramer positive and CD62L Lo . However, a consistent discrepancy emerged in these experiments between the percentage of tetramer-positive CD8 ϩ cells (ϳ41%) and the percentage of IFN-␥-producing cells (ϳ25%). This discrepancy may reveal an overproliferation of Gag-specific cells before they are able to develop functional properties. Another interesting possibility is that the Gag tetramer-positive cells that do not express cytokine might have become anergic. These issues will be explored in greater detail in future studies. When the priming and boosting vectors were reversed, 13 to 25% of CD8 ϩ cells stained with MHC-I Gag tetramers, and similar percentages produced IFN-␥. Similar to the prime-boost reversal for recall to Env, the response to Gag in vvK1-vaccinated mice boosted with VSV-Gag was strong, although slightly lower overall than that when VSV-Gag was used to prime. This is likely due to the limitation of secondary responses caused by responses to epitopes in the ϳ200 VV proteins.
A boosting method recently developed in our laboratory is based on changing the serotype of the glycoprotein of rVSVs to eliminate antibody neutralization of the vector upon boosting (43) . Boosting with the same vector was not effective, but sequential vaccination with three rVSV glycoprotein exchange vectors generated greatly increased antibody titers in both mice and monkeys (42, 43) . However, boosting with vBD3, an rVV expressing 89.6 Env, after three sequential glycoprotein exchange vector inoculations generates only a moderate increase (20%) in antibody titer to Env as seen by enzyme-linked immunosorbent assay (43) . Here, we used a glycoprotein exchange vector VSV Ch -Gag to elicit a recall response in VSVGag-vaccinated mice. Boosting with a glycoprotein exchange VSV elicited ϳ8% tetramer-positive, CD62L
Lo CTL, which were functional in their release of IFN-␥. This is in contrast to the ϳ40% tetramer-positive CTL induced after boosting with vvK1. Furthermore, staining for CD44 long after boosting with vvK1 and VSV Ch -Gag also showed that the vvK1 boost elicited a proportionally higher percentage of memory cells to Gag. These results indicate that a completely heterologous vector may be superior in boosting CTL responses. When boosts are performed with VSV vectors, it is likely that CTL responses are less focused on Gag because all of the internal VSV proteins (N, P, M, and L) are shared between the priming and boosting vectors. Additionally, this difference might have been the reason that we observed little if any TNF-␣ staining after boosting with a glycoprotein exchange VSV vector. Antigenic competition might retard the development of recall responses and, therefore, the development of TNF-␣-expressing T cells (47) . However, when boosting is performed using the completely heterologous VV-Gag vector, all of the secondary responses are focused on Gag alone. In this regard, our results are similar to those of Robinson et al. (2, 41) , who have also found that prime-boost regimens based on DNA vectors followed by modified vaccinia virus Ankara are superior to those based on either vector alone. Although the VSV vaccine vector system alone has been highly effective in the rhesus macaque AIDS model and involves different routes of vaccination, our results with mice suggest that even greater boosting of CTL responses might be achieved by boosting with completely heterologous vectors encoding Env and Gag. 
